Objective: To determine whether screening for trisomy 21 based on first-trimester combined screening (FTCS) with assessment of nasal bone (NB), tricuspid flow (TCF), and ductus venosus flow (DVF) results in similar false-positive rates compared to ultrasound and cell-free DNA (cfDNA) screening. Methods: This is a subanalysis of a prospective randomized controlled trial which was performed between October 2015 and December 2016. Pregnant women with a normal firsttrimester ultrasound examination at 11 to 13 weeks' gestation were randomized into two groups: (1) FTCS with assessment of the NB, TCF, and DVF (extended FTCS [eFTCS]), and (2) ultrasound + cfDNA screening. The false-positive rate in screening for trisomy 21 was defined as the primary outcome parameter. Results: The study population consisted of 688 women in each study arm. In the eFTCS group, the median delta fetal nuchal translucency thickness (NT) was 0.0 mm, free beta-hCG and PAPP-A were 0.96 and 1.11 MoM, and NB, TCF, and DVF PIV were abnormal in 0.9, 0.6, and 7.0% cases. In the ultrasound + cfDNA group, the median delta NT was 0.0 mm. In 10 pregnancies the cfDNA analysis was uninformative and the risk of trisomy 21 was based on eFTCS. There were no false-positive cases in the ultrasound + cfDNA group, whereas the false-positive rates were between 0.9 and 2.2% with eFTCS. Conclusion: Screening for trisomy 21 based on ultrasound + cfDNA has a lower false-positive rate than screening based on eFTCS.
screening for trisomy 21, 18 , and 13 [1, 2] . Test performance can be improved by the addition of other markers such as nasal bone (NB) assessment and Doppler evaluation of the tricuspid valve and ductus venosus flow (DVF) (extended FTCS [eFTCS] ). These markers are abnormal in about 56-66% of the fetuses with trisomy 21 and in 0.6-3.2% of the euploid population, respectively [3] [4] [5] . In previous studies that combined FTCS with additional ultrasound markers, it was possible to increase the detection rate for trisomy 21 while reducing the false-positive rate [3] [4] [5] . In one study of about 1,800 euploid pregnancies and 93 fetuses with trisomy 21 using a risk threshold of 1: 50, the detection rate increased from 86% based on the combination of maternal age and NT to 96% by the addition of additional ultrasound markers. At the same risk cutoff, the false-positive rate was halved [6] .
The introduction of cell-free DNA (cfDNA) screening presents a challenge to classical FTCS. Using FTCS, the detection and false-positive rates for trisomy 21 are about 90-95% and 2.5-5%, respectively. In contrast, these rates improve to 99 and 0.1% using cfDNA screening [7] . However, due to concerns about the potential cost of implementing universal cfDNA screening, many groups advocate a contingent approach. Here, the screening starts with classical FTCS as a primary test. Invasive testing is offered to those at the highest risk and cfDNA testing for those with a result in the intermediate range. Miltoft et al. [8] used a risk range of 1: 100 to 1: 1,000 to define the intermediate-risk group and reported detection and false-positive rates for trisomy 21 of 100 and 1.1%, respectively.
We recently described a different approach, which combines a detailed ultrasound examination at 11-13 weeks' gestation with cfDNA screening in all but the highest-risk group [9] . Using this approach, invasive testing is offered if the NT is > 3.5 mm or if a fetal anomaly is found. In the remaining cases, the risk of common trisomies is computed based on cfDNA screening. In a randomized controlled trial which focused on the false-positive rate, we compared this model to classical FTCS. For the same risk threshold of 1: 100, the false-positive rates were 0 and 2.5% for the ultrasound and cfDNA approach and FTCS, respectively. In this study, risk assessment in the FTCS group was done without the use of additional ultrasound markers.
In the present study, we set out to determine whether screening for trisomy 21 based on eFTCS can result in similar false-positive rates compared to the ultrasound and cfDNA approach.
Methods
This is a subanalysis of a prospective randomized controlled trial which was performed at a single site (Prenatal Medicine Department of the University of Tübingen, Germany) between October 2015 and December 2016. The population consisted of unselected patients referred for first-trimester screening. In the original study, we determined false-positive rates based on firsttrimester risk assessment for trisomy 21 using FTCS and compared them to an approach which combines ultrasound and cfDNA. Only cases with an NT ≤3.5 mm and cases without major defects were included in randomization to these two screening protocols. The results of the original study have been reported elsewhere [9] .
In the current study, we compared the same two groups. However, this was done with inclusion of additional ultrasound markers which were examined in all cases. In the first group, the risk of aneuploidy was assessed using eFTCS: maternal and gestational age, fetal NT, maternal serum PAPP-A and free beta-hCG levels with the addition of NB, tricuspid flow (TCF), and DVF PIV. In the second group, the risk assessment was based on ultrasound findings and cfDNA screening. eFTCS screening was performed in those subjects where cfDNA was not informative. The cfDNA analysis was performed by Cenata GmbH (Tübingen, Germany) using the Harmony ® Prenatal Test (Roche Inc., San Jose, CA, USA) as previously described [10] [11] [12] .
Briefly, in our center, first-trimester risk assessment is performed at [11] [12] [13] +6 weeks' gestation. It includes crown-rump length and NT measurements and a detailed ultrasound examination based on the ISUOG guidelines [13, 14] . In addition, we examine NB, TCF, and DVF PIV in all patients. All evaluations are performed according to the published guidelines [4, 5, 15] by operators who are certified by the Fetal Medicine Foundation UK. The biochemical markers free beta-hCG and PAPP-A are also included into FTCS. These results are generally available on the following day. If the NT measurement is > 3.5 mm or if a fetal anomaly is identified, the patient is considered to be high risk and is offered invasive testing without a formal calculation of aneuploidy risk.
The cfDNA analysis performed was chromosome-selective using digital analysis of selected regions and included a simultaneous microarray-based assay of nonpolymorphic (chromosomes 13, 18, 21, X, and Y) and polymorphic loci to estimate chromosome proportion and fetal fraction. The Fetal Fraction Optimized Risk of Trisomy Evaluation (FORTE) algorithm was used to provide patient-specific probability assessment for trisomy.
In cases where cfDNA analysis was performed, an additional tube of blood was collected in anticipation of the fact that in a certain proportion of the cases the cfDNA testing would be uninformative. This serum sample was centrifuged at 4,000 rpm for 5 min; the serum was aliquoted and stored at -80 ° C. In cases where no result was obtained by cfDNA analysis, the serum sample was gently thawed and free beta-hCG and PAPP-A levels were measured. The risk of trisomy 21 was then computed using eFTCS (reflex test) [16] .
Irrespective of the method of risk calculation used (eFTCS or ultrasound + cfDNA testing), an invasive test was offered to the patient if the risk exceeded 1: 100. This is in accordance with the guidelines of the UK National Screening Committee and the risk cutoff that the Harmony ® Prenatal Test uses to define a "highprobability" result. All pregnant women and health care providers were informed about the risk assessment as soon as the results were available.
Exclusion criteria were maternal age < 18 years, crown-rump length measurement of > 84 mm or < 45 mm, and multiple pregnancy, including vanishing twins.
The clinically relevant ultrasound and screening information was recorded in the Viewpoint database (GE Healthcare, Munich, Germany). Information on maternal weight and height was extracted from the patient records. Ethnicity, smoking status, and mode of conception was assessed using a questionnaire, and this information was also recorded in the Viewpoint database. Outcome data were added as soon as they became available.
Potential trial participants were given written information about the study and were counselled by a member of the perinatal medicine department staff. All women who agreed to participate in the trial gave written informed consent. Randomization was done by our local research institute in a 1: 1 ratio, using computergenerated random numbers. The study was structured as an investigator-initiated trial. Approval for the study was obtained from the local ethics committee (No. 572/2015BO1). The original study was registered in the International Standard Randomised Controlled Trial Number registry (ISRCTN No. 11174071).
The primary-analysis population included only those participants for whom both the screening results and results of newborn examination or genetic testing (prenatal or postnatal) were available.
Statistical Analysis
The detailed power calculation of the original study is described elsewhere [9] . In summary, we assigned 700 women to each study arm in order to demonstrate a significant difference in the false-positive rate of both approaches.
In the eFTCS group and in those cases with an uninformative cfDNA result, we calculated the individual risk of trisomy 21 based on maternal age, fetal NT, serum markers (free beta-hCG and PAPP-A), and any combination of NB, TCF, and DVF PIV. The risk of trisomy 21 was computed based on the most recent Fetal Medicine Foundation UK algorithm. In the ultrasound + cfDNA group, the risk was calculated based on the FORTE algorithm.
Euploid cases with a risk of 1: 100 or more were considered false-positive. Due to the very few false-positive cases that were observed in both study arms, a proper adjustment for the maternal age distribution in Germany was not performed. The false-positive rates in the FTCS groups with different combinations of additional markers were compared with those of the ultrasound + cfDNA group using Clopper and Pearson's 95% confidence intervals.
Results
During the study period, 1,518 women were seen for first-trimester screening. In 31 (2.0%) cases, we found an increased NT of > 3.5 mm and/or major fetal defects. In these cases, invasive testing rather than screening for trisomy 21 was performed. All pregnancies with trisomy 21, 18, and 13 fetuses were found within this group. Eightyseven (5.9%) women declined study participation. The remaining 1,400 pregnancies were randomized into the eFTCS (n = 699) and into the ultrasound + cfDNA (n = 701) group. In 24 cases (1.7%), it was not possible to obtain the outcome either due to loss to follow-up or due to a subsequent miscarriage or intrauterine fetal death. As a result, our final study group consisted of 688 women in each arm.
In the eFTCS group, median maternal age was 33.9 (IQR 30.7-36.7) years, gestational age was 12.7 (IQR 12.3-13.1) weeks, and maternal weight was 66.0 (IQR 59.1-74.3) kg. Median NT was 1.9 (IQR 1.6-2.1) mm, which corresponds to a median delta NT of 0.0 (IQR -0.2 to 0.2) mm. Median free beta-hCG and PAPP-A levels were 0.96 (IQR 0.64-1.44) and 1.11 (IQR 0.76-1.51) MoM, respectively. NB and TCF were classified as abnormal in 6 (0.9%) and 4 (0.6%) cases, respectively. DVF was reversed in 18 fetuses (2.6%). Median PIV was 1,037, and in 48 (7.0%) cases the DVF PIV was above the 95th centile.
In the ultrasound + cfDNA group, median maternal and gestational age were 33.9 (IQR 31.0-36.8) years and 12.7 (IQR 12.4-13.1) weeks, respectively. Median maternal weight was 65.4 (IQR 59.0-73.7). In this group, fetal NT and median delta NT were 1.8 (IQR 1.6-2.1) and 0.0 (IQR -0.2 to 0.2) mm, respectively. In 10 (1.4%) pregnancies, the cfDNA analysis was uninformative and the risk calculation for trisomy 21 was based on eFTCS. Fetal NT, free beta-hCG, and PAPP-A were 1.7 (IQR 1.4-2.1) mm, 0.66 (IQR 0.37-0.90) MoM, and 0.73 (IQR 0.67-1.23) MoM, respectively. None of these cases had an abnormal NB, TCF, or DVF. Median DVF PIV was 1,020, and in all cases the measurements were below the 95th centile.
The risks of trisomy 21 are summarized in Table 1 . The median risk of trisomy 21 with classical FTCS was 1: 3,787. If the risk was computed based on eFTCS with one additional ultrasound marker, the median risk ranged between 1: 5,127 and 1: 5,734 and differed slightly according to the marker used. Depending on the combination of markers used, the median risks with two additional markers ranged from 1: 6,064 to 1: 6,181. When all three additional markers were used, the median risk was 1: 6,418. If the risks of trisomy 21 were calculated without maternal serum biochemical markers, they ranged between 1: 2,787 and 1: 6,219 depending on the combination of markers used.
In the ultrasound + cfDNA group, median risk was 1: 10,000 irrespective of the mode of risk calculation in those with uninformative cfDNA test results. Figure 1 demonstrates three examples of risk distributions in screening for trisomy 21, including eFTCS, and the ultrasound + cfDNA approach. Table 2 shows the false-positive rates defined as risk of trisomy 21 above 1: 100 and the proportion of cases with a risk between 1: 100 and 1: 1,000 according to the mode of risk calculation. While there were no false-positive cases in the ultrasound + cfDNA group, with eFTCS, the false-positive rates were between 0.9 and 3.2%. If the risk was computed based on fetal NT and one, two, or three additional markers but without the serum markers, the false-positive rate was significantly higher than with the ultrasound + cfDNA approach. Furthermore, in the ultrasound + cfDNA group, only 0-0.6% of cases had a risk between 1: 100 and 1: 999. In these cases, the cfDNA anal- In cases with an uninformative cfDNA test result, the risk of trisomy 21 is based on the respective FTCS approach. cfDNA, cell-free DNA; DVF, ductus venosus flow; eFTCS, extended first-trimester combined screening; FTCS, first-trimester combined screening; MA, maternal age; NB, nasal bone; NT, fetal nuchal translucency thickness; SM, serum markers; TCF, tricuspid flow. ysis was uninformative and the risk of trisomy 21 was computed based on eFTCS. In contrast, this proportion ranged between 3.6 and 38.8% if the risk assessment was based on various permutations of FTCS.
Discussion

Main Findings of Our Study
In this study, we compared screening for trisomy 21 based on eFTCS with a model that is based on ultrasound + cfDNA screening. The false-positive rate was lowest with the latter approach. This was true after inclusion of one, two, or even three additional ultrasound markers. However, these differences were not statistically significant. If maternal serum biochemical markers were excluded from eFTCS screening, the false-positive rates became statistically significantly higher than those associated with ultrasound + cfDNA screening. Furthermore, the proportion of cases with a risk between 1: 100 and 1: 999 was significantly larger with any of the eFTCS models compared with the ultrasound + cfDNA screening approach.
We focused on the false-positive rate as the primary outcome parameter because in terms of absolute numbers, this is the most crucial screening parameter that is of major importance to physicians, health authorities, and patients alike. Of note, in our study all fetuses with trisomy 21, 18, and 13 were identified by ultrasound.
Comparison with Previous Studies
To our knowledge, this is the first publication which directly compares the false-positive rates of eFTCS to an ultrasound + cfDNA approach. However, several reports exist that evaluate the screening performance of eFTCS. Three publications that were based on approximately 20,000 normal pregnancies and 122 pregnancies affected by trisomy 21 evaluated the change in screening efficiency by adding assessment of NB, TCF, and DVF in a dichotomous way. Specifically, in each study, one of the additional ultrasound markers was used on a contingent basis if the FTCS risk was between 1: 50 to 1: 1,000 [3] [4] [5] . The false-positive rate was reduced to about 2.5%, which is half that of classical FTCS. At the same time, the detection rate for trisomy 21 increased to about 95%. Maiz et al. [15] used DVF PIV in addition to FTCS. The authors reported a detection rate of 94% for trisomy 21 and a false-positive rate of 1.6%. We assessed the change in test performance in screening for trisomy 21 based on maternal age, maternal serum biochemical markers, and fetal NT if one, two, or three ultrasound markers (NT, TCF, DVF) were added. For a risk cutoff of 1: 50, the detection rate for trisomy 21 increased from 86% with one of the markers to 90 and 96% with two and three markers, respectively [6] . For the same cutoff, the detection rate for trisomy 18, 13, triploidy, and Turner syndrome was 96% [17] . Other study groups have found similar results [18] [19] [20] .
Limitations of Our Study
We acknowledge that our study has some limitations. The original study was powered to demonstrate a significant difference between FTCS and ultrasound + cfDNA screening. In this subanalysis, eFTCS was used, which has a lower false-positive rate (0.9-2.2%). Thus, we were not able to demonstrate significant differences between the study groups. Furthermore, the ultrasound examination was carried out by prenatal medicine experts. It could be argued that in a more general setting, such ultrasound results cannot be achieved. However, the ultrasound examination was carried out according to the ISUOG guidelines and thus should be generally reproducible [14] .
In addition, in both study arms, we only focused on the risk of trisomy 21. Inclusion of the risk of trisomy 18 and 13 may result in a higher false-positive rate. However, we believe that affected fetuses are identified by the detailed ultrasound examination and excluded from the screening process due to the presence of major defects.
Implications for Clinical Practice
In a recent meta-analysis, Gil et al. [7] summarized the test performance of cfDNA screening for trisomy 21. The updated detection and false-positive rates were 99.7 and 0.04%, respectively. However, trisomy 21 only covers about half of the chromosomal abnormalities [21] . If the standard also includes chromosomal microarray analysis, this proportion is even less [22] . Therefore, a first-trimester ultrasound examination, which includes a detailed fetal anatomic evaluation and NT measurement, should always be performed. If an anomaly is present or if fetal NT is increased, invasive testing including chromosomal microarray analysis should be offered [14] . The specific NT threshold that should be used for this purpose is still under discussion. Maya et al. [23] found that 2.2% of cases with an NT ≥3.5 mm had a chromosomal defect that can only be detected by microarray analysis. In the cases with an NT measurement between 3.0 and 3.4 mm or ≤2.9 mm, the proportion was 1.8 and 0.9%, respectively. These data suggest that a threshold of 3.0 mm may be more appropriate. However, this approach would lead to an increase in the rate of invasive testing.
For all cases other than those with fetal defects and/ or an increased NT, the results of the original randomized controlled trial and of this subanalysis indicate that cfDNA screening is preferable to eFTCS or classical FTCS due to the lower false-positive rate in screening for trisomy 21 . Still, assessment of the additional ultrasound markers is useful in screening for other fetal abnormalities such as cardiac defects [19] . In circumstances where essentially universal cfDNA screening cannot be implemented, such as due to financial constraints, screening based on measurement of maternal serum markers (free beta-hCG and PAPP-A) and NT as well as assessment of NB, TCF, and DVF PIV is useful to reduce the false-positive rate. In contrast to our previous study, in this study we did not detect differences in the false-positive rate whether one, two, or three additional markers were used [6] . This is most probably due to the small numbers.
Conclusion
This study shows that screening for trisomy 21 based on a detailed ultrasound examination followed by cfDNA screening results in the lowest false-positive rate that is currently possible. Even by adding the results of NT, TCF, and DVF examination to FTCS, the false-positive rate remains higher.
